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When Should Doppler-Determined Valve Area Be Better Than the
Gorlin Formula?: Variation in Hydraulic Constants in Low Flow States
JEROME SEGAL, MD, DANIEL J. LERNER, BS, D. CRAIG MILLER, MD, FACC,
R. SCOTT MITCHELL, MD, EDWIN A. ALDERMAN, MD, FACC, RICHARD L. POPP, MD, FAce
Stanford, California
In low flow states, underestimation errors occur when
the Gorlin formula is used to calculate valve area. A
model of valvular stenosis designed to examine changes
in the hydraulic discharge coefficient (Cd) and coefficient
of orifice contraction (Cc) may explain these errors. Un-
steady flowwas examined in a pulsatile pump model and
in a dog model. Valve areas were calculated from pres-
sure and flow data using: 1)a modifiedform ofthe Gorlin
formula (assuming constant values for Cd and Cc) and
2) a corrected formula (with values of Cd and C, obtained
from steady state data). Valve area was also calculated
using the continuity equation with velocityand flow data
(constant Cc) ' Flow velocities were measured using a
newly designed ultrasound Doppler catheter capable of
resolving flow velocities of up to 5.5 m/s.
Both the corrected formula and continuity equation
were highly predictive of actual valve area (r = 0.99,
The hemodynamic assessment of aortic stenosis has tradi-
tionally involved measuring transvalvular pressure differ-
ences and applying the Gorlin formula (1) or modified ver-
sions thereof (2) to estimate valve area, Several studies
(3-6) have demonstrated that valve areas derived in this
manner may grossly underestimate the true orifice size, par-
ticularly in patients with associated congestive heart failure
arid low cardiac output. Several theories have been postu-
lated to explain this underestimation, including failure of
the valve cusps to open fully in systole (7), inaccuracies in
measuring the transvalvular pressure difference due to cath-
eter artifact and failure to account for recovery pressure
beyond the stenotic orifice (8,9).
The formula developed by Gorlin and Gorlin (I) incor-
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slope or M = 0.96 and r =0.99, M = 1.06, respec-
tively). The modified Gorlin equation was less accurate
and tended to underestimate valve areas (r = 0.87,
M = 0.83). This underestimation was most notable at
low rates of flow (Gorlin: r =0.94, M = 0.53; conti-
nuity: r :::: 0.98, M = 1.09). Similarly, both corrected
and continuity equations predicted valve area in the dog
model (r = 0.93, M = 0.81 and r = 0.94, M = 0.89,
respectively) more accurately than the modified Gorlin
formula (r =0.69, M =0.49).
In patients with low cardiac output, hemodynamic
formulas, such as the Gorlin formula, which assume a
constant value for the hydraulic discharge coefficient
(Cd)' may be less accurate than formulas using either a
corrected value of Cd or Doppler-determined flow ve-
locity and mean systolic flow.
oAm Coli CardioI1987;9:1294-30S)
porates a clinically derived constant, K, which is tradition-
ally held invariant for all values of flow (Q), pressure dif-
ference across the valve (PI - P2 , AP) and valve orifice
area. A number of studies (6, 10,11) have demonstrated that
this assumption is invalid, showing K to vary with flow and
pressure difference, These studies have proposed new values
of K or new formulas that attempt to give a more accurate
assessment of valve area. The exact fluid dynamic basis of
this variation in the flow constant has not been critically
examined. The Godin constant, K, incorporates two hy-
draulic coefficients-i-Cj, the discharge coefficient, and Cc,
the coefficient of orifice contraction-both of which have
been shown to vary with Reynolds number (Re) and orifice
size (8,9,12). However, the variation of these coefficients
with Reynolds number and orifice area, and the magnitude
of the error introduced by assuming constant values for C,
and Co in calculating orifice area, have not previously been
carefully studied.
This study examines how changes in the flow coeffi-
cients, Cd and Ceo affect the valve area estimates obtained
with the Gorlin formula, We use newly developed Doppler
ultrasound technology in models of aortic valve stenosis to
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form a theoretical explanation for the underestimation error
occurringwhentheGorlin formulais used in low flow states.
We also derive alternative formulas based on fluid dynamic
principles using Doppler-determined flow velocities to give
a potentially improved assessment of stenotic aortic valve
orifices for use in clinical settings.
-FLOW-v,_
PRESSURE TAP PRESSURE TAP
P, \ ORIFICE PLATE / P
2
\
IN·FLOW AREA VENA CONTRACTA
A, A2. V2
ORIFICE OR "THROAT" AREA
A AT
8
Figure I. A, Flow pattern in model of valvular stenosis. Inflow
area and velocity (AI, V I) and jet or "vena contracta" area and
velocity (A2 • V2) are illustrated. Pressure tap (P2) is located at a
distance downstream from the orifice throat equal to 112 the inlet
pipe diameter. B, Diagram of experimental model of valvular
stenosis. Orificeplates of varyingsize and geometrycan be placed
between the upstream and downstream coupling units. A Doppler
catheter is used to measure flow velocity. Transorifice pressure
difference is measured using pressure taps PI and Pz (tlP =
PI - Pc)'
(1)
Theory
Gorlin's original derivation (I) uses the principles of
momentum and continuity to generate a formula for esti-
mating orifice area from pressure and flow measurements.
Simply put, these principles state that volumetric flow is
the product of flow area and space average velocity, and
that pressureenergy may be converted to flow velocity with
some lossof energy to friction, turbulence,and so on. These
principles were derived (I) in the setting of steady flow. In
unsteady flow, additional consideration must be given to
the local acceleration of flow and its affect on pressure and
velocity. The full hemodynamic formula for calculatingori-
fice area, including the contribution of local acceleration,
is derived in the Appendix and given here (see Appendix
for abbreviations):
Orifice area = AI'
Ci [(PI - P2) - pr: .ax]
This formula includes the experimentally determined flow
coefficients Cd, C, and C" defined as follows:
Cd: The "discharge coefficient," which relates the ideal
pressure difference (whereby all pressure energy is con-
verted to velocity) to the real pressure difference, which
includes energy losses noted previously.
Ce . The "coefficient of orifice contraction," which re-
lates the area of the jet stream at its minimal dimension
(vena contracta) to the geometric orifice area (Fig. IA).
c,,: The "velocity coefficient," which relates the space
average velocity of the formed jet stream to its velocity
profile. If one assumes a relatively flat velocity profile through
the stenosis, the maximal velocity measured will equal the
space average velocity and C, = I. There is considerable
experimental evidence to support this assumption (13-15).
(4)
The hemodynamic formula of Gar/in and Gorlin (J) is
given by
Q'KAr=~~~VP I - P2
Comparison ofFormula 1for valve area with the derived
formula of Gor/in and Gar/in (Equation4, also given in the
Appendix) reveals that these two formulas are equivalent if
the Gorlin constant K, = Y'hPI(C c ' Cd) (including con-
version factors for blood density and pressure difference),
and if the contributions of I) prevalvular velocity (VI) and
( ((5v )2) local acceleration p J1 &"' (5x are ignored.
The assumption that flow velocity proximal to the ste-
notic valve (VI) is negligible relative to the poststenotic jet
velocity (Vz) (Fig. IA) is likely valid in most clinically
(2)
(3A)
(38)
Jet areaCc = ----Orifice area
Vz Space averageC, = = I
V 2 Max
c, = ~tlP Ideal =
tlP Real
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significant cases of aortic stenosis (16-23). The assumption
that the contributionof local acceleration, as definedby the
I .. I l2 0V ". '11acce eration integra , p - . ox, IS zero WI not be true1&
except at times of zero flow acceleration in pulsatile flow
(suchas the time of peak jet velocity). It may approachzero
if time average mean values, instead of instantaneous val-
ues, are used for velocity, flow and pressure. This is done
by Gorlinand Gorlin. An additional smallerror is introduced
by assuming that the mean of the flow, Q, is equal to the
square root of the mean of the flow squared. These two
expressions are not mathematically equivalent, because the
mean of the flow is always greater than the root mean of
the flow squared, resulting in a small underestimation of
valve area using the Gorlin formula.
The Gar/in constant, K, includesvalues for the discharge
coefficient, Cd, and contraction coefficient, Ceo as well as
various conversion factors for pressure and blood density,
p. The value of K was never directly calculated but was
empirically derived from comparison of calculated valve
areas with valve areas measured at autopsy or intraopera-
tively by "intracardiac digital palpation." K is assigned
different values depending on the valve of interest, but is
held constant for all values of flow or cardiac output for a
given valve. If factors C, and Co (formula 1) or K (formula
4) vary significantly with flow, pressure difference or rel-
ative valve area, there will be a significant error in the
calculation of "true valve area" using formulas (such as
the Gorlin formula) that assume a constant value for these
factors.
Methods
Experimental Model: Steady State Flow
The experimental model includes the Plexiglas coupling
diagrammed in Figure lB. Plexiglasflow plates and nozzles
of various sizes and geometries were machined to precise
area specifications. These plates and nozzles are interposed
between the upstream and downstream coupling units. The
various flow plates and nozzle designs used to represent
stenoticorificesare diagrammed in Figure2 withdimensions
noted. Additionally, 10 mm porcine heterograftvalves with
varying degrees of stenosis are tested. Stenoses of these
valves are created by suturing together the commissures.
Minimal orifice areas are measured using the maximal di-
ameter graduated steel dilator that will pass through the
stenotic valve. "B ratio" is defined as the ratio of minimal
orificearea (AT) to inlet area (A,) or f3 = AT/A, (Fig. IA).
Transstenotic pressure differencesare measured using pres-
sure taps, PI and P2 (Fig. IB). These pressure taps are
located one inlet diameter length upstream of the proximal
plate face and one-half inlet diameter length downstream of
the distal plate face, respectively.
Poststenotic jet velocity (V2) and prestenotic velocity
(VI)' These are measured using a newly developed pulsed
wave Doppler catheter system. This system uses a 3.5F
Cordis Ducor dual lumen, dual conductor catheter with a
single 5 MHz Doppler crystal mounted on its distal tip.
High pulse repetition frequency Doppler ultrasound is used
for all velocity measurements. With pulsed wave Doppler
echocardiography, a very small (I mm diameter) single
crystal placed at the catheter tip can be used as both trans-
mitterand receiver, thus minimizing catheterdimensionand
interference with flow. Additionally, the use of "range gat-
ing" with the pulsed wave Doppler technique allows exact
localization and differential measurement of both the post-
stenotic jet (V2) and prestenotic velocity (V,). The pulse
receiver is a Vingmed Alfred Multifrequency Doppler unit
coupled to either a Medasonics SP 25 Spectrum analyzer
or a Vingmed SD-IOO Multifrequency Doppler unit with
built-in spectral analysis capabilities. The initial studies were
performed with the Alfred unit using a transmission fre-
FLOW PLATES
FLow Figure 2. Orifice plates, nozzles and
.... porcine valve used as models of val-
vular stenosis. The central orifice rep-
resents theflow orifice. The lateral two
ORIFICE PLATE SHARP EDGED CURVED NOZZLE
orifices are used to hold the plate in
PORCINE VALVE place within the Plexiglas coupling.ORIFICE NOZZLE
PLATE NO. 2 3 4 5 6 7 8 9 10 Dimensions are noted. The f3 ratio is
defined asratio of minimal orifice area
'NLET D'AM. 1cm (AT) to inlet area (AI); f3 = AT/AI.
ORIFICE D'AM. 28cm .425 .625 .49 ,66 ,46 .28 DIAM. = diameter..754 ,635 ,437
WIDTH ,15cm ,12 ,12 ,44 1.02 .91 ,81 1.4 1,4 1.4
po RATIO ,078cm ,18 ,39 ,24 .44 .21 ,078 .569 .403 ,191
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quency of 5 MHz and a high pulse repetition frequency of
38 KHz. This allowed resolution of unambiguous Doppler
shift frequencies of up to 19 kHz to be recorded and fre-
quencies of up to 38 kHz (corresponding to jet velocities
of up to 5.2 m/s) to be displayed using the Medasonics SP
25 spectrumanalyzerand alias signal stacking. Later studies
used the Vingmed SD-IOO, which has a maximal pulse
repetition frequency of 40 kHz and automatic alias stacking
capabilities, allowing display of velocities up to 5.5 m/s.
Maximal velocity was measured using the built-in max-
imal frequency estimator of the SD-I00 with percent track-
ing set at 98% and threshold signal set at 24%. The SD-
100 also incorporates an incremental range gate depth ad-
justment of 1 mm/step. By placing the catheter in the down-
streamPlexiglascoupling(by wayof a catheterguide system
oriented perpendicular to the central flow plate orifice and
directly parallel to the postorifice jet), the range gate for the
pulsed wave Doppler study could be advanced from a point
5 mm downstream of the vena contracta, along the post-
orifice jet, through the orifice, and up to the location of
pressure tap PI (upstream of the orifice plate). This orien-
tation of the catheter eliminates any angle correction for
Doppler-determined velocity. Sample volume size was
maintained at 1 mm for all measurements. Because sample
volume is measuredat least 5 mm upstreamof the catheter/
guide system, the catheter itself should cause no significant
distortion of flow profile within the postorifice jet.
Volumetric flow and pressure. For steady state exper-
iments, flow was established utilizing a continuous flow
centrifugalpump. Waterat 20°Cwas used in all experiments
with 20 to 80 jJ- Sephadex added to act as targets for the
Doppler ultrasound measurements. Volumetric flow was
measuredusing the beakerand stopwatchmethod. Pressures
were measured using Mikrodot micron transducers and re-
corded on an eight channel recorder at paper speeds of 25,
50 and 100 mm/s. Maximal velocities were measured at
distances of 3.3 to 5.5 mm downstreamof the downstream
flow plate face. Spectral displays of the velocity signals on
the SD-IOO were recorded on videotape. The quadrature
audio signals were recorded and retrospectively analyzed
using the SD-IOO. For the purposes of this experiment the
density, p, viscosity, u; and kinematic viscosity, u, of the
fluid were assumed to be equal to those of water at 20°C
(20).
Unsteady Flow Experiments: Pump Model
Pulsatile flow experiments were carried out using the
apparatus described. Pulsatile flow was created using an
RMI pumplftow control system. Rates of flow were varied
by increasing or decreasing pump speeds. A constant rate
of pulsation (45/min) was maintained. Afterload was varied
using a volumetric beaker in which back pressure could be
adjustedby variationin water column height. Pulse pressure
waveform was thereby adjustedto simulatephysiologic pul-
satile flow (Fig. 3A). Instantaneous volumetric flow was
measured using a Carolina electromagnetic flow meter placed
upstream of the Plexiglascoupling. Flow was recorded with
simultaneously obtained pressure difference (PI - P2) and
velocity measurements.
Unsteady Flow Experiments: Dog Model
Unsteady or pulsatile flow experiments were also carried
out in two mongrel dogs to more closely approximatephys-
iologic pressure and flow. Use of the animal's heart as the
fluid "pump" affords a more physiologically accurate rep-
resentation of pressurelftow waveforms, including factors
for local acceleration and deceleration and phase difference
effects than is providedby the in vitro modeljust described.
Additionally, the use of blood, with its higher viscosity and
Doppler target characteristics, is more analogous to flow
dynamics in the clinical setting. Dogs weighing 23 and 32
kg were anesthetized using sodium pentobarbital (I5 mg/
kg), intubated and mechanically ventilated. A left thora-
cotomy incision was made and the descending aorta was
dissected from surrounding tissue, cross clamped and can-
nulated with Silastic 16 mm tubing. The variable orifice
Plexiglas coupling described was attached to the distal and
proximal Silastictubes, directingjet flow towardthe catheter
tip. Volumetric flow was measured using both an electro-
magnetic flow meter and a multirange gate Doppler flow
meter designed by the Applied Electronics division at Stan-
ford University and previouslydescribed (21). Flow meters
were calibrated using timed blood flow collection.
Pressure, flow and velocity measurements. The cross
clamps were removed and all air was evacuated from the
coupling before attaching pressure transducers to pressure
taps PI and P2 (Fig. 1B). For the animal tests, pressures
were measured using Camino (Camino Laboratories) 3F
fiberoptic pressure transducing catheters. Velocity mea-
surements were made with the Vingmed SD-IOO at high
pulse repetition frequency and minimal sample volume size
(I mm) at sample volume depths varying from 5 through
25 mm from the catheter tip. Simultaneous pressure, vol-
umetricflow and velocitymeasurements were recorded(Fig.
3B). Orifices of differingsize and geometrywere introduced
by placing the orifice plate, nozzle or porcine valve (Fig.
2) between the proximal and distal coupling sections.
Statistical analysis. For unsteady flow experiments, ori-
fice areas were calculated using three different hemody-
namic equations (Equations 1, 3B and 5 [see Appendix]).
Calculatedorificeareas werecomparedwith measuredareas
using standard linear regression analysis (22). Orifice areas
calculated from the three hemodynamic equations were
comparedusing the Friedmanstatistic (22) for rank and rank
sumof absolutedifferences(measuredarea minuscalculated
area), with determination of x/ and probability values.
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Figure3. Doppler-determined flow
velocity displayed with simultaneous
pressure difference (PI - P2) and
volumetric flow (Q) for pulsatile pump
model (A) and dog model (B) . DPTH
= depth; FRQ = frequency; HPRF
= high pulse repetition frequency
(Doppler).
4
<1P
20 mm Hg
2
.1
I \
Flo.....
+-__l"" ce / \oP.c
2
SECO NDS
---~_+__+_--------------__ti__+__+-'---I·\ P
105 mm Hq
B.....' -L.. -L.. -L.. _
- 4 0
FRO: 10 MHz~"""""""
DPTH: 4 mm
A
F RO : S MHz
DPTH : 8 mm
SECONDS
Results
Measurement of Cdand C, during steady flow. Using
Appendix Equations 3A and B and the steady state flow
system described previously, coefficient of contraction(Cc)
values for each orifice plate, conical nozzle, curved nozzle
and porcine valve were determined. Corresponding dis-
charge coefficient (Cd) values were calculated using Ap-
pendix Formula6 with measured valuesof jet velocity(V2) ,
pressure difference (PI - P2) and known area ratios ({3 =
AT/AI)' The value of fluid density (p) was assumed to be
1.007 g/crrr' (20).
Measured velocity of incremental flow upstream of the
orifice plate (VI) was used to calculate entry Reynoldsnum-
ber (Re) for each flow plate, nozzle and valve. Calculated
values for V I (from the continuityequation)were used when
V I could not be directly measured. The kinematic viscosity
(v) of water at 20°C was assumed to be constant and equal
to 1.007 x 10- 2 Stokes (20). Entry Reynoldsnumbers(Re)
were used so that a valid comparison could be made of the
effects of increasing flow on C, and Cc for the various flow
plates described. Because all flow plates tested had equal
inlet diameters (0 [1 em]), Re should increase directly as
a function of increasing flow velocity (VI):
[ Re = P(~D) = -n -VJ
Additionally, the use of entry Reynolds number, a dimen-
sionless flow variable, provides a valid comparison of our
"miniaturized" stenosis model to clinical valvular stenosis
(see Discussion).
These results are displayed in Figures 4A to C, which
are plots of calculated value of Cdversus Reynolds number
for orifice plates, nozzles and porcine valves, respectively.
Figures SA to C are plots of the corresponding calculated
values of C, versus Reynolds number for the orifice plates,
nozzles and porcine valves.
The discharge coefficient (Cd) varies with both Reynolds
number (or flow) and (3 ratio . The dependence appears to
be greatest at lower Reynolds numbers «2,000) and reaches
a limiting value (1.0) above a critical Reynolds number,
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Figure 4. Calculated value of discharge coefficient (Cd) versus
entry Reynolds number for orifice plates (A), nozzles (B) and
porcine valves (C). Data are derived from steady flow.
Figure 5. Calculated value of coefficient of orifice contraction
(CC> versus entry Reynolds number for orifice plates (A), nozzles
(B) and porcine valves (C). Data are derived from steady flow.
determined by both the {3 ratio and the orifice geometry.
This critical number appears to increase with increasing {3
ratio. In contrast, Figures 5A and B show that the contrac-
tion coefficient, Ceo remains relatively constant even for
increasing values of Reynolds number and various {3 ratios
for various orifice plate and nozzle geometries, but increases
significantly with increasing Reynolds numbers for porcine
valves (Fig. 5C). (See Discussion for possible explanations
for this discrepancy.)
Calculation of valve area: pump model with pulsatile
flow. Valve or minimal (exit) orifice area was calculated
in the unsteady flow system using three different equations
(Appendix Equations I, 3B and 5). To calculate orifice area,
Equation I uses instantaneous or mean pressure, velocity
and flow data (PVQ); Equation 3B, a form of the continuity
equation, uses only mean velocity and flow data (VQ) and
Equation 5, a modified form of the Gorlin equation, uses
mean flow and pressure difference.
For calculations using Equation 1, the values of the dis-
charge and contraction coefficients (C, and Cc) were as
determined from steady state flow experiments at the given
instantaneous or mean Reyolds number. For calculations
using Equation 3B, the value of C, was held constant and
taken from steady state data. For calculations using the
modified Gorlin formula (Equation 5) the values of C, and
C, are held constant and equal to their maximal value as
determined from the steady state data. For instantaneous
data (Equation I), the contribution of local acceleration was
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Figure 6. Plot of calculated value area (Equations I,
38 and 5) versus measured orifice area for the pulsatile
pump model. A, Includes all rates of flow; B, includes
low flows only (Re < 2,000),
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minimized by using the values of pressure difference
(PI - P2), flow (Q), prestenotic velocity (VI) and jet ve-
locity (V2) taken at peak flow when local acceleration should
be zero. The use of mean values of V2, V I, pressure dif-
ference and flow in Equations I, 3B and 5 should minimize
the contribution oflocal acceleration to pressure differences.
Each area (AT) was calculated at three different flow states
(low, medium and high) for each of the orifice plates, noz-
zles and porcine valves (Fig, 6).
Figure 6A is a plot of measured orifice area versus cal-
culated area using Appendix Equations 1, 3B and 5 for all
rates of flow measured. A high degree of correlation is noted
between measured area and area calculated either using
Equation 1 (PVQ-peak or PVQ-mean), which includes cor-
rected values of C, and C, along with VI (r = 0.99, slope
orM = 0.96, SEE = 0.015,p<0.001),orusingEquation
3B (VQ-mean), which uses only measured flow, jet velocity
(V2) and constant C, terms (r = 0.99, M = 1.06, SEE =
0.016, ; < 0.001). Correlation of measured and calculated
area is poorest for the modified GorIin equation (Equation
5) (r = 0.87, M = 0.83, SEE = 0.047, P < 0.001). For
all flow rates combined, these differences in the ability of
the various hemodynamic equations (1, 3B and 5) to predict
orifice area (\actual area - calculated area I. rank sum of
difference) are statistically significant (Friedman statistic
x/ = 25.02, p < 0.001).
Figure 6B plots measured versus calculated area for low
flow only (Re < 2,000). At low flows, correlation between
calculated and measured area remains high using the mod-
ified Gorlin equation (r = 0.94). However, the modified
GorIin equation is least predictive of actual area, with slope
M = 0.53 (SEE = 0.022, P < 0.001), resulting in sig-
nificant underestimation of orifice area. The differences in
the ability of the hemodynamic equations (I, 3B and 5) to
predict actual orifice area at low rates of flow are again
noted to be significant (x,2 = 15.38, p = 0.002). At higher
flows (Re > 2,000), the differences between the various
hemodynamic equations in predicting actual area are no
longer significant (p > 0.05).
Calculation of valve area: dog model with pulsatile
flow. Valve or minimal orifice area was next calculated in
the pulsatile dog model described, again using Appendix
Equations I, 3B and 5 (Fig. 7A to D), Once again, Equations
1 and 3B are more predictive of measured valve area (Equa-
tion 1: r = 0.93, M = 0.81, SEE = 0.038, P < 0.001;
Equation 3B: r = 0.94, M = 0.89, SEE = 0,035, P <
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0.001) than is the modified Godin Equation 5 (r = 0.69,
M = 0.49, SEE = 0.058, p < 0.001). The differences in
the abilities of the various equations to predict actual orfice
area are once again significant (Xr2 = 95.6, p < 0.001).
Figure 7. Plot of calculated versus measured orifice area for the
dog model using various formulas. A and B show areas calculated
using Equation I (PVQ) for peak and mean data, C Shows areas
calculated using Equation 38 (VQ-MEAN) for mean data. D Shows
areas calculated using the modified Gorlin formula (Equation 5).
Discussion
Steady state data. Most previous studies (8,9,14) of
the hemodynamics of valvular stenosis have attempted to
establish a theoretical relation between transvalvular pres-
sure difference and flow using various experimental models
of valvular stenoses. However, few rigorous studies have
been undertaken to explain the hemodynamic basis of the
underestimation error found in the use of the Godin formula
in the assessment of valve area.
Because currently utilized hemodynamic formulas for
estimating valve areas are derived from formulas for thin
orifice plates, these models are examined first. In addition,
however, other models of stenotic valves, which may more
closely approximate the geometry of biologic valves in the
clinical setting, are tested. These include: I) the conical
nozzle similar to that used by Bellhouse and Bellhouse (14);
2) curved nozzles, as an improved approximation of the
geometry of stenotic aortic valves, designed after exami-
nation of two-dimensional echocardiograms and pathologic
specimens; and 3) porcine heterograft valves with varying
degrees of stenosis created by suturing together the com-
missures. As predicted from fluid dynamic theory, each of
these models exhibits properties of flow obstruction deter-
mined by its individual geometry and size. No single model
predicts the effects of all valvular obstructions in a flow
stream, and only an "optimal prototype" can be created.
These prototypes thus may be predictive only of "trends"
in the hemodynamic calculation of valve area in native aortic
stenosis.
Variation of Cd and C, with Reynolds number and fJ
ratio. The coefficients Cd and Ce, which represent the dis-
charge and orifice contraction coefficients, respectively, are
fundamental to the basic fluid dynamic theory that underlies
the valve area equations of Godin and Godin, and their
importance is noted in the original paper of the latter (I).
The values of these coefficients are, however, never cal-
culated directly in the clinical setting. Rather, an empirically
determined constant, K, is introduced. This K incorporates
coefficients C, and C, (assuming constant values), along
with constants for the density of blood (p) and conversion
factors for pressure in mm Hg to g/c-s? into an equation for
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valve area using mean pressure difference and mean volu-
metric blood flow. The value of K is empirically determined
by the comparison of calculated valve areas with valve areas
measured at autopsy or at surgery. K is assumed to be
constant for all valve sizes (f3 ratios) and blood flows.
Fluid dynamic theory predicts that, as the Reynolds num-
ber falls, an increase occurs in the boundary layer thickness
between the wall and central flow stream, thereby decreasing
the effective flow area of the conduit and causing an increase
in pressure drop due to viscous forces (23). This would
result in a decrease in the ratio of ideal pressure drop (due
to convective acceleration alone) to actual pressure drop;
this ratio is defined as Cd. Our data indicate that the dis-
charge coefficient (Cd) increases with the Reynolds number
until a critical Reynolds number (or, in our case, rate of
flow) is reached, at which point C, approaches unity (Fig.
4A to C). This critical Reynolds number appears to be a
function of both orifice size, or f3 ratio, and orifice geometry.
At low Reynolds numbers, Cddrops sharply with decreasing
Reynolds number. These data agree with those of Clark
(8,9) and of Rivas and Shapiro (12) for the behavior of
rounded entrance flowmeters and venturis. At high Reynolds
numbers, inertial forces within the nozzle or orifice pre-
dominate and the contribution of pressure drop due to vis-
cous effects is small. Consequently, the actual pressure drop
is closely approximated by the ideal pressure drop calculated
from the convective acceleration of fluid within the nozzle.
Additionally, at a given low Reynolds number, the dis-
charge coefficient (Cd) is less for valves with larger orifice
areas (AT) and f3 ratios. These data confirm previous reports
(8,9,12), which state that for a given nozzle, C, decreases
as the Reynolds number decreases, and that at a given Rey-
nolds number, C, decreases as nozzle area or f3 ratio in-
creases. These experimental results imply that at low rates
of flow (that is, low cardiac output), the assumption of
constant Cd, or K in the Gorlin equation, may result in a
significant underestimation of true valve area. Further, this
underestimation would be greater both at low rates of flow
and for larger valve areas or f3 ratios (least stenotic valves).
There is considerable clinical evidence to substantiate this
trend (3-6,10,11).
Application of Reynolds number to aortic stenosis in
humans. One must ask whether sufficiently low Reynolds
numbers occur in the left ventricular outflow tract in the
setting of aortic stenosis and low flow states in humans to
account for such changes in hemodynamic constants. Pre-
vious studies of aortic blood flow have suggested Reynolds
numbers of 5,000 to 10,000 occurring in the ascending
aorta, resulting in insignificant boundary layer thickness and
pressure drop due to viscous forces (15,20,24). However,
these studies were performed in normal hearts with a normal
aortic valve and ejection velocity. More recently, several
studies performed on patients with aortic stenosis (18-22)
and on patients without valvular heart disease (23) measured
both the dimensions of the left ventricular outflow tract
immediately below the aortic valve by two-dimensional
echocardiography and blood flow velocity by Doppler ul-
trasound methods. In the study performed at Stanford (18),
outflow diameters ranging from 1.8 to 2.4 em and velocities
from 0.29 to 1.04 mls were noted, resulting in calculated
entry Reynolds numbers of 1,521 to 5,905. Review of pre-
viously published data (19,20) reveals calculated mean Rey-
nolds numbers of 1,395 (using cardiac output data) to 4,872
(using gradient/velocity data) for one study (19) and a mean
Reynolds number of 2,192 for the other (20). These values
include the range in which C, begins to drop. Thus, in the
clinical setting of extremely low cardiac output as seen in
myopathic ventricles, combined with stenotic aortic valves,
viscous forces may contribute to underestimation of valve
area.
Effective orifice area. The contraction coefficient, Ce ,
relates the area of the jet stream at its minimal dimension
to the geometric orifice area (Fig. IA). Our data show that
for a given orifice geometry (plate, sharp-edged nozzle,
curved nozzle) Ce remains relatively constant over a wide
range of Reynolds numbers within the physiologic range
(Fig. 5A to C). This is not true of the porcine valves, which
show a decrease in C, with low flow rates or Reynolds
number. One possible reason is that the porcine valves are
mobile and may not open fully at extremely low rates of
flow (7). Thus the "effective" orifice size for the porcine
valves may be significantly smaller than their maximal ori-
fice size measured with graduated dilators. This would result
in significant underestimation of area, which would be re-
flected in low values of C, for a given rate of flow. Incom-
plete opening of the valve at low rates of flow has also been
offered as an explanation of the "underestimation" of ori-
fice size of valves using hemodynamic assessment. How-
ever, because underestimation also occurs with orifices of
fixed geometry such as the Plexiglas plates and nozzles used
in our experiments, it is probable that the incomplete valve
opening is not the sole source of error.
The setting of low flow and larger valve area. The
importance of the relatively constant value of the contraction
coefficient, ee, at low flow rates can be seen by comparing
continuity Equation 3B for valve area with the modified
Gorlin equation (Appendix Equation 5). Application of
Equation 3B, which contains terms for only velocity, "con-
stant" C, and flow, would result in an accurate estimation
of the true geometric valve area even at low flow rates. This
is in contrast to the modified Gorlin equation (Appendix
Equation 5) which contains the "constant" Cd and a pres-
sure difference term, in addition to terms for velocity and
flow. This suggests that the Doppler-determined valve area
(using Continuity Equation 3B) should be more accurate
than the valve area calculated using the Gorlin formula and
hemodynamically determined pressure differences in the
setting of low flow and larger valves.
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Clinical application. The use of Continuity Equation
3B in the clinical setting would necessitate knowing the
value of Ce in humans. C, could be calculated in patients
with aortic stenosis using Doppler-derived data for mean jet
velocity (V2) and hemodynamically derived or Doppler-
derived mean cardiac output if the true geometric valve area
is known This valve area could be measured intraoperatively
as described in previous studies (3) or, in the case of pros-
thetic valves, from known geometric areas (10). Should Ce
prove to be relatively constant in clinical aortic stenosis, its
value could be used in future patients to more accurately
estimate valve area. As noted in the Results, however, the
porcine valve model (which may most closely resemble
native aortic stenosis), C, does decrease at extremely low
flows. This would lead to an underestimation of valve area.
However, the magnitude of this underestimation still should
be less than that obtained from the Gorlin formula, which
contains both terms, C, and Cd.
Limitations. There are a number of potential sources of
error in this experimental protocol. The measurement of
minimal static pressure downstream to the obstruction is
critically dependent on the location of the distal pressure
tap (P2). This minimal pressure should be located imme-
diately at the vena contracta (Fig. IA). The location of the
vena contracta, distal to the orifice, is relatively independent
of flow rate, but is dependent on the orifice geometry and
size ({3 ratio). Thus, the exact location of the point of min-
imal pressure should vary with the different orifice plates
and nozzles used, but in all cases should be relatively close
to the orifice plate face itself. We chose to measure pressure
at a distance of one-half inlet diameter length downstream
of the orifice plate, a practice common in fluid dynamics
experiments. Using the pulsed wave Doppler system, the
maximal jet velocity was measured to be within ± 2 mm
of the downstream pressure tap .for all orifice obstructions
tested. This variation in the location of the maximal velocity
and minimal pressure may introduce a small error into our
calculations for orifice size.
The calculated values of the discharge coefficient, Cd,
at higher Reynolds numbers occasionally exceeded I (Fig.
4A to C). This would imply that the measured "real" pres-
sure difference was less than the calculated "ideal" pressure
difference. This cannot be the case, because viscous effects,
regardless of magnitude, must contribute to the measured
pressure difference. One potential explanation is underes-
timation of pressure difference due to the location of the
downstream pressure tap, as noted previously. Other ex-
planations are overestimating the maximal velocity by set-
ting the gain too high or errors in the maximal frequency
estimator of the Vingmed SD-IOO too high, resulting in
measuring high-frequency noise instead of the maximal true
Doppler shift frequency. Our study and those of others as-
sume that the profile of the poststenotic jet is relatively flat
and, therefore, that the space average velocity will equal
the maximal velocity of the jet; that is, velocity coefficient
C, = I. There is evidence from fluid and hemodynamic
studies substantiating this for simple obstructions to flow
(13-19). However, given the complex geometry of stenotic
biologic (porcine heterograft) and native valves, this may
not be the case (25). Thsi could result in overestimation of
space average velocity and the calculated value of the dis-
charge coefficient, Cd, which is calculated from velocity
data.
Conclusions. We have explored the clinically observed
underestimation error that occurs with use of the Gorlin
formula in low flow states. Our theoretical explanation for
this error is based on the finding of changes in the hydraulic
discharge coefficient, Cd, with flow and orifice size. In
contrast, the coefficient of contraction, Ceo remains rela-
tively constant for a given fixed orifice at all rates of flow.
Therefore, use of hemodynamic formulas, such as the Gorlin
formula, which do not account for changes in C, with low
flow, may be less accurate than formulas that contain only
Ce, along with velocity and flow measurements. This im-
plies that Doppler ultrasound-determined mean jet velocity,
used in conjunction with any of several possible methods
for measuring mean systolic flow, may result in improved
assessment of valve area in the setting of low cardiac output.
This could obviate the need to measure transvalvular aortic
pressuredifferencesby left heart catheterization. Future studies
are required to calculate the values of C, and C, in patients
with aortic stenosis to determine the accuracy of Doppler-
calculated valve areas versus areas calculated by the Gorlin
formula.
We express our gratitude to Robert Kemoff and Paul Yock for technical
assistance and to Joan W. Rosel for manuscript preparation.
Appendix
Definition of Terms
AT = throat or orifice minimal area (crrr')
AI = inlet area (cnr')
A2 = vena contracta, or "jet" area (cm-)
K = Gorlin constant ( 8)
P' = Pressure ideal (calculated) (mm Hg)
..1P = pressure difference = (PI - P2) (mm Hg)
PI = pressure at inlet (real) (mm Hg)
P2 = pressure at vena contracta (real) (mm Hg)
Q = volumetric flow (cmvs)
Re = Reynolds number = V . diameter' !!.
J.L
VI = velocity (space average) at inlet (cm/s)
V2 = velocity (space average) at vena contracta (cm/s)
Area orifice AI'p = f3 ratio = = -
Area inlet A I
(
dyne ' s)p. = viscosity ~ or poise
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(4)
(6)
[ (
AT ' Cc)zJ
'hp I - AI
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Also for steady flow:
Using mean values for flow, pressure difference, let:
VihPK=--
Cc ' c,
from continuity and Equation (3B):
Equation (5) becomes:
(5)
(I)
(2)
(3B)
(3A)
If2p (_Q)Z [I _ (VI)ZJ + P {Z5v '5x.
AT' c, v, JI 5t
Q = AzVz = AIV1
v, = ..9..
Az
Calculation of Hydraulic Coefficients, Cdand Co
Equations are numbered in sequence from the text. Fromthe unsteady
Bernoulli equation:
(Z 5v
Pi - Pi = If2p(Vl - VIZ) + P JI 5t' 5x,
c, = ~li.P Ideal = ~Pi - Pi
li.PReal PI - Pz
Hydraulic Coefficients
. . Jet area AzCo = coefficient of onfice contraction = Orifi = -
Ice area AT
~li.P IdealCd = nozzledischargecoefficient = -A--~P Real
Vz Space averageC. = velocity coefficient = = I
Vz Max
Vz = _Q- and AT = _Q-.AT' c, Vz ' c,
Rearranging Equation (2) above and substituting for Vz:
( cm
Z
)
" = kinematic viscosity -s- or Stokes
p = density (g/cm')
rz 5v . 5x = 0
JI 5t
and assuming negligible preorifice velocity (VI)
VI
--0
Vz
Thus, Equation(I) becomes:
Q ~'hPAT = -- ---
Cc ' Cd PI - Pz
for steady flow
by definition
from above
Solvingfor AT
from continuity
5v
where 5t . 5x isdefined as the localacceleration termfrompoint I (location
before orifice plate) through 2 (locationof vena contracta) (Fig. IA); by
definition
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